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HOT ELECTRON DISTRIBUTION FUNCTION
IN HIGH-Z MATERIALS
by
E. L. Lindman

University of California
Los Alamos National l.aboratory
Los Alamos, NM B7545

ABSTRACT
An analytic expression is ohtained for the distribution of hot electrons ac

& function of distance into a cold material slab {n which vp = th-a

and .=
yv® are the assumed velocity dependences of the ene-gy loss collision freaquun-=
and the scattering collision frequency and vp <Cv_. For a time indenendent
source, a time independent solution exists with a characteristic nenetratinn
lenpth equal to (AFAA)I/Q where XF and A are the mean-free-paths corresnnntine
to v and v, The distributinn function at larpe distance from the sonr~ec .
proportional to v“" for v less than a critical velocity. For v preater thy .

critical velacity, the velocity dependence of the Maxwellian source  reesnosoo -

causing an exponential cutoff.



1. Introduction

The general problem of energy transport in a 1laser-produced oplasma 1is
sufficiently complex to require the use of sophisticated numerical techniquesl_a
to calculate it. However, certain key features may often be exhihkited 1in
analytic calculations of a restricted class of problems. Here we treat the
problem of hot electron transport from a plane source into a uniform isotropic
medium in which the scattering and slowing down collision frequencies are assume?
to be simple power-law functions of the individual electron energv. An analvtic
expresgion for the velocity distribution as a function of position is ohtaine”
for an arbitrary volume source of hot electrons. The special case o0f a seource
with a Maxwellian velocity distribution and an x-dependence eiven hv a Dira-

delta function is pursued in more detail.

1T. Derivation of Equations

We start with the Fokker-Planck equation
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‘shere

G(v) =] faly™) lvo - vl dlv
H(v) = (1 + 2 ) [ fyv) v - vi™l adv’
y m gy lv” = v
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are the Roamenbluth potentials. If the hot electron densftv {a amall compared to
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tne density of the plasma through which they are etreaming, their interaction

with each other may be ignored and ij reduces to

1 ' 1
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vhere ij' Vlj- and v"j are ta1e energy loss colligion rate, the perpendicular
velocity diffusion rate and the parallel velocity diffusion rate for hnt
electrons interacting with mpecies j. Assume f = f(x,v,u,t) whecie x 1is the
spatial coordinate, v 1is the magnitude of the velocitv u = cosc, and ¢ is the
angle between the x-axis and the velocity direction. The Fokker-Planclt enuaitan

then becomes
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And, finallv, we assumec that v, > v M v and expan! 7 in a seriec o

Legendre functfons, f = E fg (x,v,t)P (u). The equations for £ = 0 and (¢ 1 ar
9f of af
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where the time derivative in the seccnd equation has been assumed small compared
to Vi

The ordering of the collision frequencies assumed above is appropriate for
intermediate and high z marerials when the effects of the bound electrons are
included. Expressjons for these collision frequencies differ from the more
familiar forms for interacting point charges in the factors (Xj - lnAj) which
account for the screening of the Coulomb potential. Formulae for the scatcerinr
rate, for exsmple, may be obtained frou Ref. 6. For the energy loss rate, Gene
McCall’ has obtained conveniznt and accurate expressions by fitting the data in

Ref. B with a power law. Taking Au as an example, we have

[Py 2:9x 1044
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with ccllision fr-auencies in sec”!

and velocities in cm/sec. At 10 ke, 5
instance VF/VA = 0.N4 which Is consistent with the orderine assume” ahowvc.
At this point we neplect the velocitv dependence in the 1ne term an? uc. t!}

following expressions for the rollision frequencies:

Using Fq. (6) to eliminate f, in Fq. (5) we obrain:

8+4 o2 2
3 gy g2y 30 2viaf

: - -5° (7)



where

2
S (x,v.t) = 27 S(x,v,t) r9Y
YE

Using a Laplace transform in time and a Fourier transorm in space, Fq. (7) mav he

solved for f.

-3 a _ A
f = 2 5 f f K exp[—Kz(x - Y)Z] §" [y,u,t - 2 Y -y Vdudv (
A 1/2 o v av g
where
) 1/a
'(\P + t\
= zgyr )
and
¥y ‘1/3
K = e
R - W)

The expression for f ohtained {in this manner {s& e»act for zer electric
field (a = eFx/m = 0), and the effects of a wenk electric field mrv  he Include!
by iteration.

Because lasrer pulse lengths and hydro time scaler tend to be lony compared!
to collisfon times at nesr solid denrities, the time dependence in the mource mav
be {gnored and the limit, t * *® nay be taken. Assuming a source whose wpace

dependence {s ¢ (x), we obtain
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f = v“'an—l/z f K exp(-szz) $"(u) du (10)
v

where

57 (u) = vy~ tuZg(u)

v 1s & hot electron creation rate and g(u) = (h1)'3/2 vH'3 exp[—uz/(ZVFZ)]

for the special case of a Maxwellian source.

I11. Numerical Reslts

A fortran pro.ram, shown 1in the Appendix, has been writter to evaluate the
distribution function using Eq. (10). As a specific example we consider gol- an?
a hot electron temperature <" 10 kel'. We choose vy = |, and (JEV_)l/: = ot
define the dimensionless units wused 1in the <calculation. The ratin of th.
collision frequencies 1s 50 at 10 kel\, therefore we pick Yp* GF = 0.2 and s
GP = 5.0. The dimensionless unit of length defined in this manner correspon': !,

0.04]1 um at solid deasity (19.3 g/cm1)-

The velocity distribution of the Maxwellian source is shown in Fig. 1. I:c¢
spat ial dependence is, of course, a Dirac deita function at x = 0. Fijipures -2
show the computed value of f as a function of x for v = 0.24, 1.04, ant 3.7.. As

expected the more enerpetic particles have a broader spatial distributinn berane.
of their greater range and smaller energv loss rate.

The distribution function, f, as a function of v for x = 0 1.1, an* 5.7 {=«
shown in Figs. 5 to 7. The Maxwellian velocity dependence of the source {e =n
longer present. The distribution, Iin fact, is dominated bv the \'“_‘1 factor I{n
front of the Integral. To show this more clearlv v31“ fs plotted ve v {n
Figs. B to 11. A function which {g flat from v = 0 out to gome critica’ v !«
obtained. For larger v the velocity dependence »f the s8ource generates an

exponent {al cutof

IV. DUiscussion and Conclusions

The {nteraction of hot electrons with a background plasma i{s easentf{allv a
linear problem which can be solved wuring transform methods. The rerulting
velority distribution 18 far from a Maxwelli.n. The dominant velocity dependence

18 a power luw, e.g. 03'3. with the power clysely related to the veloclitv
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Fig. 1. The velocity distributfon of the source is plotted ar a

function of v. Its spatial dependence is a Dirac delta

function at x = 0,
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Fig. 2. The computed distribution function at v

plotted as a function of position.
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Fig. 3. The computed distribution Ffunction at v = 1.04 1is

plotted as a function of posftion.
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plotted as a function of position.
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Fip. 5. The computed distribation funetion at x = " [s plntte

as a function of velocitv.
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Fig. 7. The computed distribution function
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Fig. 9. The renormalized distributfon function, v1“'f. at

x = 1.1 {rn plotted as a function of velocity.
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dependence of the energy loss rate. The scale length for the spatial fall off is
the geometric mean of the energy loss mean~free-path and the scattering mean-
free-path. A code has been written which can be used to evaluate a wide range of
cases including an arbitrary velocity distribution for the source.

Extensiors of this work which might be considered are the inclusion of
electric field effects, and the elimiretion of the assumption that the hot
electron energy is large compared to the temperature of the background plasma so
that thermalization can be observed.

The inclusion of electric field effects wmakes the problem non-linear.
Iterating with the linear operator defined in the previous section is a possible
method for solving such problems. Such a procedure might converge slowly or not
at all. Thus whether 1t would be numerically efficient compared to other
1-4

methods currently in use I8 not clear. In any case the results would probahlw

be similar.

The second alternative 1s probably more interesting. The enerpetic
electrons whether they are true hot electrons with a temperature moderatelv above
the background or simplv the tail of a Maxwellian as sugpested hy Shvarts,

2

et al.,“ will interact quite weakly with each other. The strong interaction s

with a background plasma which will thermalize itself. Thus the problem rema’ns
linear and the added effects can be included by includinp the temperature of the
background plasma in the collision frequencies and bv retaining sorm~ of the tar—.
neglected here.

This work was performed under the auspices of the U'nited States Department

of Energyv.
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APPENDIX

PROGRAM HTRAN(TTY)
DIMENSION ITYPE(40),WORD(40),LINE(10)
PARAMETER (NX=100,NV=50)
PARAMETER (NX2P1=NX*2+1 NVPleNV+1)
DIMENSION F(NX2P1,NVP1),6S(NX2P: NVP1),¥XX/(2),VV(2)
DIMENSION FO(NVP1)
DIMENSION LTITLE(2)
C
C INITIAL VALUES
o
VTH=1.
GE=.2
GP=5,
ESm2.,2
EP=3,
ER=ES+EP+2,
HER=_S5*ES
EO=FES-3.
ENORM=-EO
XMAX= (3. *VTH)**HFER /SORT(.125%ER*G *GP)
UMAX=4  *VTH
SNU=1,
Plw2 . #ASIN(]1.)
SQPI=SORT(PT)
SO2PI=SORT(2.%P1)
NXP aNX+1
NY2mNV#*2
DX=XMAX/NY,
DUs\'MAX/NV
PO 4 TVe=]l NVP]
Va(IV~-,5)*"DV
4 FO(IVYIMEXP(=.S% [V/VTHYAR2)/(SN2PTAVTH)** 3
DO B I=1,NVPI
DO R J=1 NX2Pl
B F(J,1)=0.

(@]

EVALUATE S(\)

DO 9 T=1,NVPI
PO 9 Jei NX2PI
9 S(J,1)=0.
DO 10 TVal NV
Ve (IV-,5)*DV
10 S(NXP1 ,IV)=F~(TV)AVRR2RSNUND , /(GENDX)

a0

EVALUATE F(V)

PO 110 I=1,NVPL

DO 110 J=1,NX2P]
110 F(J,1)=0.

PO 150 Tval Wy
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Ve (IV-1)*DV
VEO=(.S*DV)#*~£0/ (EO+1.)
IF(IV.GE.2) VEO=V‘#EQ
DO 150 IU=1V, NV
U=(IU-.5)*DV
FK=SQRT(.375%EB*GEAGP/( UNAER-V*4ER))
PK=VEO*DVAERF (FK*.5%DX)
DO 120 IX=1,NX2P1
120 P(IX,TIV)=F(IX,IV)+FK*S(IX,IU)
DO 150 IY=1,6NX2
FK=SQRT(.375*E3*GE*GP/(U**ER-V**ER))
FK@VEO%DV* , S% (ERF (FK*(IY+.5)*DX)~ERF(FK*(IY-.5)*DX))
NXY=NX2-1Y
DO 130 IX=1,NXY
130 F(IX,IV)=F(IX,IV)+FK*S(IX+IY,TU)
NXY=IY+]
DO 140 IX=NXY,NX2P1
140 F(IX,IV)=F(IX,IV)+FK*S(IX-1Y, IU')
150 CONTINUE
DO 155 IVel, NVPI
DO 155 IX=1 6NX?P;
155 F(IX,IV)=AMAX1(O., vY)

C ACCURACY CHECK

SFDX=0.
SFDXV=0.
SSDXV=0,
SVSDXV=0.
DO 160 IX=1,NX2P1
160 SFDXsSFDX+F(IX,;)
SFDX=SFDX*DX# (EO0+1. )% (, S*DV)**(=EN)
DO 170 Iv=1,NVP]
Va(IV-1)#DV
VEOTI=(EQ+1.)*(.5%DV)**(.-EN)
IF(IV.GE.2) VEOI=V#*(-L0)
DO 170 IX=1 NX2P1l
SFDXVeSFDXV+VEOI*F(IX,1V)
§SDXVaSSDXV4S (IX, 1V)
170 SVSHXV=SYSDXV+(V+.54#DV)*S(TI¥, TV
SFDXVeSFDXVADX*DV
SSDXVaSSDXVADX#*DV
SVSDXV=SVSOXV* DX DV
CH1=(SFDX=SSDXV)/SSDXV
CH2=(SFDXV-SVSDXV)/SVSDXV
WRITE( “TTY ,171) CHl,CH2
171 FORMAT("INTEGRAL OPERATOR ERROR CHECKS™,2F12.7)
WRITE( “TTY",172) SFDX,SSDXV,SFDXV,SVSPXV
172 PORMAT( "SUMS TN CHECK",2K12.3,5X,2F12.3)
c
C PLOT RESULTS
c




